A thermodynamic assessment of the Bi-Mn binary system was conducted using the CALPHAD approach. Consistent thermodynamic descriptions, which agreed well with the selected experimental data, were obtained using a sub-regular solution model for solution phases and a line-compound model for intermetallic compounds. There are several discrepancies between the phase diagram drawn in a previous study and that calculated in this study. The two-phase separation that appeared in the previous phase diagram was not calculated and the calculated liquidus boundaries at around 1000 K changed smoothly compared with that in the previous diagrams. From the viewpoint of thermodynamic consideration, the calculated phase diagram presented in this study is reasonable.
Introduction
Bi-Mn alloys have attracted both theoretical and practical interest because of their unusual magnetic properties. 1, 2) At low temperatures, the intermetallic compound BiMn behaves as a NiAs-type hexagonal structure (BiMn) and exhibits the ferromagnetic state. 3, 4) However, with an increase in temperature, the BiMn phase undergoes a phase transformation from the ferromagnetic state to the paramagnetic state at 628 K, accompanied by a structural transformation from a NiAs-type structure to a disordered Ni 2 In-type hexagonal structure (BiMn). 5) Figure 1 shows the unit cell of the BiMn phase. In the BiMn phase, 10% to 15% Mn atoms left their regular sites and occupy the trigonal bipyramidal interstitial sites of the NiAs structure according to the neutron diffraction analysis. 5, 6) The cell volume slightly decreases (0.1%) in this transformation from the BiMn phase to BiMn phase.
5) The BiMn phase is expected to act as a hard magnet at high temperatures because of its high magnetocrystalline anisotropy energy and high coercivity. 3, 7) It is difficult to obtain high-quality BiMn base alloys by conventional solidification methods because BiMn is formed from a peritectic reaction from a BiMn + Bi-rich liquid. 8) Various studies have attempted to control the microstructure of BiMn alloys. Chen prepared an BiMn single crystal by pulling with a seed from a nonstoichiometric molten solution. 9) M. R. Notis et al. produced a Bi/BiMn eutectic composite by directional solidification. 10) Yoshida et al. applied zone-arc-melting. 11) Yang et al. obtained 90 mass% BiMn alloys prepared by magnetic separation and field-aligned resin binding. 12) Guo et al. prepared BiMn with more than 95 mass% by the melt-spun method, followed by a thermal treatment. 13) Yasuda et al. applied high magnetic fields to the alignment of BiMn particles in a liquid/BiMn two-phase region. 14) Recently, phase diagram changes by means of a strong magnetic field have been reported. [15] [16] [17] [18] [19] [20] On the basis of magnetic measurements, Liu et al. reported that the peritectic temperature increased with an increase in the magnetic field. 15) Koyama et al. also confirmed an increase in the peritectic temperature with an increase in the magnetic field at a rate of 2 K/T by using a differential thermal analysis technique. [16] [17] [18] [19] [20] To understand the solidification behavior of BiMn alloys, an understanding of the thermodynamic properties and the phase diagram of the Bi-Mn system is important. Thermodynamic assessment of Bi-Mn system was conducted by Wang et al. 21) They mainly used the phase boundary data and ignored the available thermodynamic data. Moreover, they did not take account the magnetic model in the compound phases. In this study, a thermodynamic assessment of the Bi-Mn system has been conducted using the CALPHAD approach 22) taking account the available thermodynamic data as well as the phase boundary data. In addition, the magnetic model is also used for the ferromagnetic compound.
Experimental Data

Phase diagram data
The experimental phase diagram reviewed in Ref. 8 ) is redrawn in Fig. 2 . The solubility of Mn in solid Bi with an A7
Mn
Bi interstitial structure and that of Bi in solid Mn (, , Mn) are negligible. Two-liquid separation higher than 1508 K was evaluated using thermal analysis by only Siebe.
23) The liquidus boundaries up to 1000 K were determined with good agreement by several researchers [24] [25] [26] using differential thermal analysis, 24, 26) thermo-magnetic balance, 24, 25) and the liquid saturation method. 24) This system contains two intermetallic compounds: BiMn and BiMn. The peritectic temperature of BiMn from a Mn + Bi-rich liquid is T P2 ¼ 719 K and that of BiMn from a BiMn + Bi-rich liquid is T P1 ¼ 628 K. 24) The eutectic temperature of the Birich liquid into Bi solid + BiMn is T E1 ¼ 538 K. 26) Both compounds BiMn and BiMn were described as stoichiometric compounds in previous studies: 24, 25) however, Chen 27) reported that the chemical formula of BiMn was Bi 1 Mn 1:08 and that the eutectoid temperature of BiMn into BiMn + Mn was T E2 ¼ 613 K.
Thermodynamic data
Thermodynamic activities in liquid alloys were determined with good agreement by Weinstein and Elliott, 28) and Katayama et al. 29) using an electromotive force (EMF) technique. The liquidus boundaries estimated from the EMF curves were consistent with those determined using DTA. 24, 25) The enthalpy of the formation of BiMn was reported by Schukarev et al. 30) from the heat of combustion, while the transformation enthalpy of the peritectic reaction of BiMn from a BiMn + Bi-rich liquid was measured by Mitsui et al. 19) using differential scanning calorimetry (DSC).
Thermodynamic Model
Solution phase
The liquid, Mn and Mn phases were modeled as completely disordered solutions by using the regular-solution model. The Gibbs energy is described by the following equation;
where G Bi,Mn is the ith interaction energy between Bi and Mn. R is the gas constant. The term of magnetic contribution to the Gibbs energy of pure Mn and Mn is described by the Hillert-Jarl model, 31) as described in Section 3.4.
BiMn phase
This phase is described by a line-compound model with the atomic ratio of Mn to Bi described as Bi : Mn ¼ 1 : 1. The Gibbs energy is expressed by
where G
A7
Bi and G
Mn
Mn are the Gibbs energies of pure Bi and Mn with A7 and Mn phases, respectively. The G BiMn f is the Gibbs energy of the formation energy of the paramagnetic compound and is represented as A þ B Á T, with adjustable A and B parameters. G mag is the term of magnetic contribution to the Gibbs energy and is described by the Hillert-Jarl model which is modified Inden model. 32) The magnetic moment per manganese atom of BiMn has been reported with a variety of moments due probably to the difficulty in preparation of a pure compound. Thielmann found 3.13" B ; 33) Guilaud, 3.52" B 3) and Heikes 34) found an extrapolated value of 3.9 " B at 0 K. T C of BiMn were evaluated as T C ¼ 720 K by using the magnetic mean field model. 35) In this study, T C ¼ 720 K and ¼ 3:9" B were adopted as the magnetic parameters. As there is a lack of heat capacity data at high temperatures, the validity of magnetic contribution to the Gibbs energy could not be confirmed. Therefore, we tested and compared the thermodynamic model without considering the magnetic contribution term of eq. (2).
BiMn phase
This phase is also described by a line-compound model. In previous studies, the atomic ratio of Mn to Bi was described as Bi : Mn ¼ 1 : 1; 24, 25) however, Chen determined it to be Bi : Mn ¼ 1 : 1:08 by using the wet-chemical analysis. 27) Preparation of the pure BiMn compounds is very difficult as mentioned in the introduction, namely the determination of precise chemical composition of bulk sample by chemical analysis would include some uncertainty. In this study, both line-compound models were tested and compared in this assessment. The Gibbs energy is expressed by the following equations.
where G BiMn f is the Gibbs energy of the formation energy of this compound and is represented as A þ B Á T, with adjustable A and B parameters. G mag is the term of magnetic contribution to the Gibbs energy and is described by the Hillert-Jarl model 31) which is modified Inden model.
32)
Heikes 34) found the quenched MnBi phase to be ferromagnetic at room temperature with an approximate saturation moment of 1.7 and the Curie temperature near 470 K by magnetic measurements. Andersen et al. 6) was estimated the magnetic moment 1.95 by the neutron analysis of the quenched MnBi phase. In this study, T C ¼ 470 K and ¼ 1:7" B were adopted as the magnetic parameters.
Magnetic contribution term
The Gibbs energy of the magnetic contribution term in BiMn, BiMn, Mn, Mn and Mn is expressed using the Hillart-Jarl model 32) as
where is the Bohr magneton number and the function f ð(Þ is represented by the following polynominal with the normalized temperature (;
where p is the constant given by 0.28 for Mn, Mn, BiMn and BiMn, and 0.4 for Mn, respectively. The ( is defined as ( ¼ T=T C , where T C is the Curie and Neel temperatures for magnetic materials. The antiferromagnetic factor is À3 for Mn, Mn BiMn and BiMn, and À1 for Mn, respectively.
Optimization and Results
Optimization of the parameters was performed using the PARROT module of the Thermo-Calc software application. 36) Data for pure elements were taken from the SGTEcompilation by Dinsdale. 37) The data used in the thermodynamic assessment are listed in Table 1 .
Model I
In addition to the experimental data listed in Table 1 , the eutectoid temperature T E2 ¼ 613 K was also considered for the thermodynamic assessment applied to Model I in the BiMn phase. 27) The values for the thermodynamic parameters assessed in this assessment are listed in Table 2 , and the calculated phase diagram is shown in Fig. 3 . The liquidus boundaries and the invariant reaction temperature agree with the selected experimental data values. The two most distinctive differences between this study and a previous one, 8) shown in Fig. 2 , are (a) there is no stable two-liquid separation and (b) the smooth liquidus boundary changes at around 1000 K. The metastable two-liquid separation was calculated as shown by the broken line in Fig. 2 . Figure 4 shows the activities calculated at 873, 973, and 1073 K with all experimental values used in this assessment. 28, 29) The calculated results are also in good agreement with the experimental data. Figure 5 shows the calculated EMF curves of the liquid phase converted from the chemical potential of Mn with the experimental data provided by Katayama et al. 29) The calculated results are in accord with the experimental data. Thus, these thermodynamic parameters of the liquid phase were used in the following calculations.
The evaluated thermodynamic parameters ignoring the magnetic contribution term of eqs. (2) and (3) are listed in Table 3 . The phase diagram calculated using these param- [26] Seybolt et al. [24] Wachtel and Damm [25] Fig . 3 Calculated phase diagram of the Bi-Mn binary system using the set of parameters listed in Table 2 . eters is almost the same as that shown in Fig. 3 . In particular, the liquidus boundaries higher than 719 K are in perfect accord with Fig. 3 , as the thermodynamic parameters of the liquid phase are the same as those shown in Table 2 . The phase boundaries calculated in the Bi-rich corner at low temperatures by using both parameters listed in Tables 2  and 3 are shown in Fig. 6 . Even in the Bi-rich corner, both calculated phase boundaries are almost the same. This result suggests that a simple model without the magnetic contribution term is sufficient for describing the Bi-Mn binary phase diagram. Figure 7 shows the calculated temperature dependence of the enthalpy of Mn 0:5 Bi 0:5 alloy. The difference in the enthalpy curves lower than T P1 is caused by the magnetic contribution term of eq. (2). The enthalpy change ÁH at T P1 is 7279 JÁmol À1 and 7446 JÁmol À1 . Compared to the experimental data ÁH ¼ 1077 JÁmol À1 provided by Mitsui et al., 19) the calculated values are quite large. In addition, the entropy change ÁS of the peritectic reaction was evaluated as ÁS ¼ 14 JÁmol À1 ÁK À1 by Mitsui et al. 19) using the magnetic Clausius-Clapeyron relation. The entropy change ÁS at T P1 from the DSC result 19) was calculated as ÁS ¼ 13 JÁmol À1 ÁK À1 by using ÁS ¼ ÁH=T P1 , where T P1 is the peritectic temperature. This value is consistent with that of the magnetic analysis. 19) The calculated entropy change is much higher than that obtained from the magnetic analysis. These results suggest that the set of parameters are inconsistent with the entropy data.
The main contribution sources of the calculated entropy change of Bi 0:5 Mn 0:5 alloy at T P1 are the differences in temperature dependence of the Gibbs energies of BiMn and BiMn phases. In this assessment, the important experimental information in determining the temperature dependence of the Gibbs energies of BiMn and BiMn phases is the invariant reaction temperatures related to both phases. The temperatures of the two peritectic reactions (T P1 , T P2 ) and the eutectic reaction (T E1 ) almost agreed with the experimental data, while the eutectoid temperature at 613 K (T E2 ), shown in Fig. 2 , first appeared in the study reported by Chen, and this temperature is suspect because clear experimental evidence of this temperature could not be found. 
Model II
In addition to the experimental data listed in Table 1 , the enthalpy change ÁH ¼ 1077 JÁmol À1 19) at an allotropic transformation temperature of 628 K from BiMn to BiMn was also considered for the thermodynamic assessment applied to Model II in the BiMn phase. The thermodynamic parameters of the liquid phase were fixed at the values listed in Table 2 , and those of BiMn and BiMn were evaluated. The values for the thermodynamic parameters evaluated in this assessment are listed in Table 4 , and the calculated phase diagram is shown Fig. 8 . The liquidus boundaries and the invariant reaction temperature above 1000 K are in perfect agreement, the same as that in Fig. 2 , because the same thermodynamic parameters were used in the calculation. The liquidus boundaries and the invariant reaction temperature lower than 1000 K also agree with the selected experimental data values.
The most distinctive difference between Figs. 3 and 8 is the chemical composition of the BiMn phase. In this model, the atomic ration of Mn to Bi of this phase was considered to be Bi : Mn ¼ 1 : 1, the same as that in the previous phase diagrams. 24, 25) Therefore, the eutectoid reaction at 613 K shown in Fig. 3 vanished in Fig. 8 . The differences in the Gibbs energy between BiMn and BiMn in the actual (solid line) and paramagnetic (dashed line) are shown in Fig. 9 . The hatched area shows the contribution of magnetic transition to the stability of BiMn. This contribution increases dramatically under the Curie temperature T C , and BiMn becomes a stable phase under the peritectic temperature. Also note that the paramagnetic BiMn is less stable than BiMn at low temperature and more stable at high temperature, as shown Table 2  Table 3  Table 4 T P1 T P2 -1 Fig. 7 Temperature dependence of the calculated enthalpy at Mn 0:5 Bi 0:5 alloy. Table 4 Thermodynamic parameters using Model II for BiMn and considered the magnetic contribution term to BiMn and BiMn. Seybolt et al. [24] Wachtel and Damm [25] Fig. 8 Calculated phase diagram of the Bi-Mn binary system using the set of parameters listed in Table 4 . Table 2  Table 3 Satulation DTA DTA Magnetization Pirich et al. [26] Seybolt et al. [24] Wachtel and Damm [25] Fig. 6 Calculated phase diagram of the Bi-Mn binary system in Bi-rich region using the set of parameters listed in Tables 2 and 3. by the dashed line in Fig. 9 , because the temperature dependence of the formation energy of G MnBi f is smaller than that of BiMn, as listed in Table 4 . In other words, the T P1 transformation of BiMn occurs as a result of the magnetic transformation of the BiMn phase. This discussion is very similar to that of the stability of Fe and Fe. 38, 39) The evaluated thermodynamic parameters ignoring the magnetic contribution term of eqs. (2) and (4) are listed in Table 5 . The calculated phase boundaries in the Bi-rich corner at low temperatures using both parameters listed in Tables 4 and 5 are shown in Fig. 10 . Even in the Bi-rich corner, both phase boundaries are almost the same.
As the enthalpy change in the peritectic temperature at T P1 is ÁS ¼ 13 JÁmol À1 ÁK À1 , these sets of the parameters are consistent with the peritectic temperature changes [15] [16] [17] [18] [19] [20] by a magnetic field.
Discussion
As mentioned in Section 4.1, the most distinctive differences between this study and the previous study 8) are, (a) there was no stable two-liquid separation and (b) the smooth liquidus boundary changes at around 1000 K. Two-liquid separation was only reported by Siebe using thermal analysis. 23) The model thermodynamic parameters of the liquid phase to describe two-phase separation higher than 1508 K were estimated to be L 0 Bi,Mn ¼ 5000 and L 1 Bi,Mn ¼ À25000, which could not reproduce the other phase boundaries 24, 25) and activity data. 28, 29) Thus, the two-liquid separation in the literature 23) is inconsistent with the other experimental data and is considered to be the result of impurities.
According to the previous phase diagram, 9) the liquidus lines break at 1000 K, as shown in Fig. 2 . At this temperature, the solid phase in equilibrium with the liquid phase changes from Mn to Mn. As the solubility of Bi in Mn and Mn is negligible, the chemical potential of Mn of these phases in equilibrium with the liquid phase could be approximated to the Gibbs energies of pure Mn and Mn, namely the equilibrium conditions, using the chemical potential of Mn are expressed as follows: "
Thus, the difference in the temperature dependence of the liquidus lines around 1000 K mainly depends upon the temperature dependence of the Gibbs energies of pure Mn and Mn. In this assessment, these parameters are taken from the SGTE-compilation, 37) which has been successful in reproducing many other systems including Mn. In addition, there are no reliable experimental data on the liquidus boundaries higher than 1000 K. Therefore, it is considered that the smooth change of the liquidus, as calculated in Figs. 3 and 8 , is reasonable.
The eutectoid temperature at 613 K, as shown in Fig. 2 , is also suspect because the calculated entropy change at the peritectic reaction at 628 K is quite large compared with those obtained from the magnetic measurements and DSC, as mentioned in Section 4.1. To reproduce the experimental data of the peritectic temperature change by the magnetic field, a thermodynamic assessment using Model I in the BiMn phase was conducted by considering the T P1 changes by magnetic analysis in addition to the experimental data listed in Table 1 . Details of the calculations are reported in another paper. The values for the thermodynamic parameters assessed in this assessment are listed in Table 6 . The calculated phase diagram is shown in Fig. 11 . As the difference in the temperature dependence of the formation energy of BiMn and BiMn phases is small, the calculated eutectoid temperature T E2 is lower than those of Fig. 2 . Further investigation is necessary to clarify the precise chemical composition and non-stoichiometry of BiMn and BiMn is the same.
Conclusions
Thermodynamic descriptions of the Bi-Mn binary system were presented using a regular solution model for solution phases and a line-compound model for BiMn and BiMn. Two models with an atomic ratio of Mn to Bi, Bi : Mn ¼ Table 4  Table 5 Satulation DTA DTA Magnetization Pirich et al. [26] Seybolt et al. [24] Wachtel and Damm [25] Fig. 10 Calculated phase diagram of the Bi-Mn binary system in Bi-rich region using the set of parameters listed in Tables 4 and 5 . [26] Seybolt et al. [24] Wachtel and Damm [25] Liquid Fig. 11 Calculated phase diagram of the Bi-Mn binary system using the set of parameters listed in Table 6 .
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